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Measurement of tryptophan fluorescence quenching and the excitation energy transfer from tryptophanyl residues to the bound ligand indicates 
that b-lactoglobulin binds tightly to hemin and protoporphyrin IX in a ligand-to-protein stoichiometric ratio. The apparent dissociation constants 
of hemin-b-lactoglobulin and protoporphyrin IX-/I-lactoglobulin complexes are 2.5 x lo-’ M and 4 x lo-’ M, respectively. The addition of /3-lac- 
toglobulin (final concentration = 10 PM, phosphate buffer 50 mM, pH 7.1) to the solution containing retinol and protoporphyrin IX triggers an 
energy transfer between &lactoglobulin tryptophan and protoporphyrin IX as well as between retinol and protoporphyrin IX. The efficiency of 
energy transfer depends on the distance between the donor (retinol) and the acceptor (protoporphyrin IX). Using the Fiirster theory, a retinol- 
protoporphyrin IX distance of 25 A was calculated. These results indicate that retinol and protoporphyrin IX are bound to the p-lactoglobulin 
monomer at two different sites. 
p-Lactoglobulin; Protoporphyrin IX; Retinol; Binding site 
1. INTRODUCTION 
Living organisms make widespread use of small 
hydrophobic molecules such as lipids, steroids, bilins, 
porphyrins and retinoids. The insolubility of such 
molecules in water leads to specific problems of their 
recognition, transport and regulation in living orga- 
nisms. Recent developments in structural studies of 
small proteins interacting with hydrophobic ligands 
suggest hat these proteins belong to the same ‘super- 
family’ of hydrophobic molecule transporters [ 11. 
Retinol-binding protein [2], bilin-binding protein [3], 
insecticyanin [4] and fl-lactoglobulin [5,6] are the best 
known proteins of this class. All these problems share a 
common three-dimensional structural pattern: an 8 
stranded anti-parallel p-barrel flanked on one side by 
an a-helix constituting a hydrophobic pocket. 
tion has been questioned by Monaco et al. [6], who have 
suggested that the retinol is localized in a hydrophobic 
pocket situated on the external surface of the ,8- 
lactoglobulin molecule. 
The binding of heme to some globins yields a holo- 
protein with remarkable properties including, in the 
case of hemoglobin, the capacity of the reversible and 
cooperative binding of a number of gaseous ligands [8]. 
Globins, however, are not the only proteins binding 
heme. Serum albumin, an abundant constituant of 
plasma, has one high affinity hemin binding site with a 
dissociation constant of approximately 2 x lob8 M as 
well as additional sites of much lower affinity [9-111. 
The results of fluorescence experiments which are 
aimed at the elucidation of interactive properties of ,8- 
lactoglobulin with hemin, fluorescent protoporphyrin 
IX and retinol are presented and discussed in this study. 
It is known that, in vitro, ,&lactoglobulin binds tight- 
ly to one retinol molecule per monomer [7]. In the case 
of the &lactoglobulin-retinol complex, the binding site 
of retinol is not well characterized. It has been postu- 
lated on the basis of the structural analogies between 
retinol binding protein [2] and bilin binding protein [3], 
where ligands are clearly situated inside the main hydro- 
phobic binding pocket formed by the P-barrel, that ,& 
lactoglobulin binds retinol there too [5]. This assump- 
2. MATERIALS AND METHODS 
2.1. Materials 
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Hemin (Sigma) was dissolved in 0.1 M NaOH to give a stock solu- 
tion of 10 mM. A stock solution (10 mM) of protoporphyrin IX 
(PPIX) di-sodium salt (Sigma) in methanol was prepared. In order to 
prevent oxidation and isomerization, retinol (Sigma) was dissolved in 
ethanol, under anaerobic onditions and in the dark, to give a 0.5 mM 
stock solution. All chemicals used were reagent grade. p- 
Lactoglobulin (BLG) variant B was obtained from homozygote cow’s 
milk following the method of Mailliart and Ribadeau-Dumas 1121 
and, as judged from high performance liquid chromatograms on a 
Cl8 column and polyacrylamide gel electrophoresis, it was more than 
95% pure. The absorbance spectra were recorded on a Cary-1 spec- 
trophotometer (Varian). Concentrations of BLG were determined 
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spectrophotometrically using, for calculation purposes, a molecular 
absorption coefficient ~7s = 17 600 Mm’ ‘cm-‘. 
2.2. Fluorescence spectroscopy 
Fluorescence spectra were recorded at 20°C on an Aminco SLM 
4800C spectrofluorimeter in the ratio mode. The excitation and emis- 
sion slits were set at 4 nm. We have investigated tryptophan, retinol 
and protoporphyrin fluorescence mission spectra. 
The binding of the small hydrophobic molecules was measured by 
following the fluorescence quenching of protein tryptophans. The 
following procedure was used for titration of BLG or its derivatives 
with various Iigands: 2 ml of protein solution, approximately lOyM, 
were placed in a cuvette and small increments of 4 ~1 of the ligand 
solution were injected with a micropipet. As the titration proceeded 
towards its end, larger amounts of ligand were added. The ex- 
periments were performed in 50 mM phosphate, pH 7.1. 
In order to exclude the possibility of unspecific interactions of the 
studied hgands with tr~tophan indoles in BLG, the titrations of N- 
acetyl-L-tryptophanamide solutions with an absorbancy at 287 nm 
equal to that of the protein were used as controb. Apparently, this 
compound displays a fluorescence typical to the tryptophans in pro- 
teins but, according to the obtained results, it is unable to interact 
with the studied compounds. 
2.3. determination of the apparent ~~soc~utjon constants 
Differences in fluorescence intensity at 332 nm between the com- 
plex and free protein (excitation at 287 nm) were monitored in order 
to measure the apparent dissociation constants of BLG with various 
ligands, i.e. hemin and protoporphyrin IX. It was assumed that the 
change in fluorescence depends on the amount of protein-ligand com- 
plex, and the apparent dissociation constants were determined accor- 
ding to Cogan et al. [13]. By plotting (P,,a) vs @a/(1-a)], a straight 
line is obtained with an intercept of Kid/n and a slope of I/n; where 
K’d is the apparent dissociation constant; n is the apparent molar 
ratio of ligand/BLG at saturation; P, is the total protein concentra- 
tion and B is the total ligand concentration. (a) is defined as the frac- 
tion of unoccupied binding sites on the protein molecules. The value 
of (a) was calculated for every desired point on the titration curve of 
fluorescence quenching intensity using the relationship: 
where F represents the fluorescence intensity at a certain B, Fmt” 
represents the fluorescence intensity upon saturation of BLG 
molecules and F, is the initial fluorescence intensity. 
3. RESULTS AND DISCUSSION 
3.1. Binding of hemin and protoporphyrin IX to P- 
lactoglobulin 
The fluorescence emission spectra of BLG were 
studied as a function of added compounds. The observ- 
ed tryptophan fluorescence quenching may be due to 
the polarity changes induced in the neighbourhood of 
indoles [14] and also due to energy transfer to the heme. 
The decrease of tryptophan fluorescence was taken as 
evidence for a complex formation. The addition of 
hemin or protoporphyrin IX induces a significant quen- 
ching of BLG tryptophan fluorescence. After correc- 
tion for the blank, the maximum fluorescence quen- 
ching is obtained for hemin-BLG and PPIX-BLG 
ratios of 1: 1 (Fig. 1). In addition, the static spectrum of 
BLG-heme-CO exhibits a peak Soret absorbance at 416 
nm (data not shown). The Soret peak of BLG-heme- 
CO complex is quite similar to that of serum albu- 
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Fig. 1. Corrected fluorescence titration curve of fl-lactoglobulin with 
protoporphyrin IX. The experiments were performed in 50 mM 
phosphate, pH 7.0 at 20°C. The ,&lactoglobulin concentration was 
10.2 uM. 
min-heme-CO (415 nm) and it is situated between 
hemoglobin (419 nm) and free heme-CO (407 nm) [ 151. 
The fluorescence quenching data are shown in Fig. 1. 
The apparent binding constants of ligand-BLG com- 
plexes and the apparent molar ratio of ligand-BLG at 
saturation were calculated from the intercept and the 
slope of the traced lines (Fig. 2), respectively. The 
numerical values for hemin-BLG and PPIX-BLG com- 
plexes were 2.5 x lo-’ M (n=0.85) and 4 x lo-’ M 
(n = 0.79), respectively. The results were interpreted in 
terms of apparent dissociation constants ince the exact 
physical state of unbound ligand in the aqueous en- 
vironment is unknown; unbound hemin and PPIX exist 
in different forms which are in equilibrium, Cogan et 
al. [ 131 used the law of mass action in similar studies of 
retinol binding by the retinol binding protein in order to 
derive the apparent binding constant of the ligand. 
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Fig. 2. Graphic representation (Cogan et al, 1976) of (A.@ versus 
@a/(1-a)] for the titration of ,&lactoglobulin with hemin (0) and 
protoporphyrin 1X (A). B is the ligand concentration, PO is the BLG 
concentration and (a) is the fraction of unoccupied sites. 
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3.2. Binding of protoporphyrin IX to retinol-BLG 
complex 
The characterization, at a molecular level, of the 
BLG binding site(s) seems particularly interesting. 
Fluorescence spectroscopy is an ideal technique for the 
study of such problems, providing that the system has 
fluorophores. Protoporphyrin IX is a fluorescent por- 
phyrin which after excitation at 400 nm displays an 
emission spectrum with two maxima located at 622 nm 
(maximum emission) and 685 nm. Retinol fluorescence 
is weak in aqueous solution alone, but it is greatly 
enhanced when bound to BLG (& = 2 x IO-’ M). Its 
complex with BLG exhibits a typical fluorescence spec- 
trum (excitation at 342 nm) with a maximum emission 
at 480 nm [16]. 
The analysis of the excitation spectrum of the sample 
including retinol, PPIX and BLG, measured at 622 nm 
(maximum of PPIX emission) can give information on 
the binding to BLG of retinol and PPIX, and on the 
energy transfer between BLG, retinol and PPIX, If 
there is no energy transfer between the fluorescent 
ligands and protein, then the PPIX excitation spectra 
with or without BLG and retinol should be identical. In 
contrast, if energy is absorbed by BLG or retinol and 
then transferred to PPIX, the observed excitation spec- 
trum of PPIX (considering emission at 622 nm) should 
resemble the total of BLG, retinol and PPIX absor- 
bance spectra. As shown in Fig. 3, when PPIX is added 
to a solution of BLG in a molar ratio of 1: 1, the excita- 
tion spectrum of PPIX displays an additional peak at 
280 nm, i.e. the energy absorbed by the tryptophans of 
BLG is transferred in part to PPIX. The excitation 
spectrum of the sample containing PPIX, retinol and 
BLG in a molar ratio of 1: 1: 1 (or 1: 10: 1) displays 
three peaks at 280 nm, 345 nm and 400 nm (Fig. 3) 
showing that, even in IO-fold excess of retinol, energy 
transfer occurs between BLG and PPIX as well as bet- 
ween retinol and PPIX. Fig. 4 shows the absorption 
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Fig. 3. Excitation spectra for protoporphyrin IX emission at 622 nm 
for BLG-protoporphyrin IX-retinol (-), BLG-protoporphyrin 
IX (- -) and protoporphyrin IX with or without retinal (-----) at 
protein to ligand ratio of 1: 1 (or I : 1: 1). The spectra were recorded 
in 50 mM phosphate, pH 7.0 at 20°C. The,&lactoglobulin concentra- 
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Fig. 4. Absorption spectra of protoporphyrin IX (-), protopor- 
phyrin IX-BLG complex (--) and protoporphyrin IX-retinal-BLG 
complex (--) at protein to ligand ratio of 1: 1 (or 1 : 1: I). The spec- 
tra were recorded in 50 mM phosphate, pH 7.0 at 20°C. The ,8- 
tion was 10.2 PM. lactoglobulin concentration was 6.5 pM. 
spectra of PPIX, PPIX-BLG complex (1: 1 molar 
ratio) and PPIX-retinol-BLG complex (1: 1: 1 molar 
ratio). The peak absorbance of PPIX, located at 377 
nm in phosphate buffer 50 mM pH 7.1, is observed at 
390 nm when PPIX is bound to BLG. 
The excitation spectrum, for PPIX emission, of a 
solution of PPIX and retinol in a molar ratio of 1: 1 was 
measured, as a control and it was found to match the 
PPIX excitation spectrum (see Fig. 3). This shows that 
the observed energy transfer between retinol and PPIX 
is mediated by BLG. Moreover, when the predominant- 
ly &sheet secondary structure of BLG rearranges into 
mostly a-helical structure under the influence of 
alcohol [ 171, BLG binds neither PPIX nor heme-CO 
and the energy transfer between BLG, retinol and PPIX 
is no longer observed in these conditions. 
BLG displays various oligomeric states as a function 
of pH, concentration and temperature [18]. In applied 
experimental conditions (BLG solution = 10 FM, 
phosphate buffer 50 mM, pH 7.1), BLG is monomeric 
[18]. The obtained fluorescence and retinol and PPIX 
binding data are consistent with the model of binding of 
these two ligands at two different binding sites on or 
within monomeric BLG. 
3.3. Estimation of retinol-PPIX distance 
The efficiency of energy transfer depends on the 
distance between the donor (retinol in this case) and the 
acceptor (protoporphyrin IX). Using the FGrster theory 
for the energy transfer [ 191, the retinol-protoporphyrin 
distance can be calculated from the relation F,/F= 
1 + (R,/R)6, as previously done for the tryptophan-re- 
tinol distance in BLG [16] and the change in trypto- 
phan-heme distance in myoglobin [20]. Since the orien- 
tation factor is not known; the standard value of 2/3 
for a rotationally free system was used. The critical 
distance R, for 50070 quenching was calculated to be 24 
A. The observed quenching bf retinol-BLG 
0.3 
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scence (emission at 480 nm) by protoporphyrin IX (or 
hemin) is about 45%; a value of Fmi,/Fo=O.55 is ob- 
tained with protoporphyrin IX (data not shown). This 
yields a retinol-porphyrin distance of 25 A. The re- 
tinol-PPIX distance may be of importance in 
distinguishing between models for locating the retinol 
molecule on BLG monomer. As the entire end to end 
length of BLG monomer is less than 40 A, the large 
distance of 25 A between the retinol and PPIX bound 
by BLG does not support a model with retinol bound in 
the ideal center of the globulin. Since retinol and PPIX 
are probably bound in different hydrophobic pockets 
on or within the molecule, the maximum distance bet- 
ween these two ligands should not exceed 30-32 A. 
Also, it is known that alcohol dehydrogenase can rapid- 
ly oxidize the retinol molecule bound to BLG [7]. This 
fact supports the present results suggesting the binding 
of retinol near one extremity of BLG monomer, rather 
than in a more protected central cavity. One possible er- 
ror in the distance assessment can result from a perpen- 
dicular positioning of the retinol fluorescence dipole in 
relation to the heme group. The orientational factor 
would then be close to zero and this could explain the 
weakeness of the transfer. However, both molecules 
would have to be rigidly constrained to stabilise such an 
orientation. 
Prevailing evidence indicates that BLG may bind 
retinol at the highly conserved area of this protein 
super-family, way inside [5,21] the main hydrophobic 
pocket. PPIX could be bound elsewhere, may be at the 
surface hydrophobic site described by Monaco et al. 
[6]. Obtained results do not definitively exclude the ex- 
istence of an external retinol binding site on the BLG 
molecule. They may support, however, its slightly ec- 
centric placement inside the BLG molecule. 
Acknowledgements: The work presented in this paper was funded by 
the ‘Institute National de la Recherche Agronomique’ in the scope of 
the project ‘Study of the hydrophobic interactions of,&lactoglobulin’ 
and the ‘Institut National de la Sante et de la Recherche Medicale’. 
REFERENCES 
it1 
121 
[31 
141 
[51 
WI 
[71 
PI 
191 
1101 
1111 
11-J 
1131 
1141 
1151 
[If51 
[I71 
1181 
t191 
[201 
El1 
Godovac-Zimmermann, J. (1988) Trends Biochem. Sci. 13, 
64-66. 
Newcomer, M.E., Jones, T.A., Aqvist, J., Sundelin, J., 
Eriksson, U., Rask, L. and Peterson, P. (1984) EMBO J. 3, 
1451-1454. 
Huber, R., Schneider, M., Epp, O., Mayr, I., Messerschmidt, 
A., Plugrath, J. and Kayser, H. (1987) J. Mol. Biol. 195, 
423-434. 
Holden, H.M., Rypniewski, W.R., Law, J.H. and Rayment, I. 
(1987) EMBO J. 6, 1565-1570. 
Papiz, M.Z., Sawyer, L., Eliopoulos, E.E., North, A.C.T., 
Findlay, J.B.C., Sivaprasadarao, R., Jones, T.A., Newcomer, 
M.E. and Kraulis, P.J. (1986) Nature 324, 383-385. 
Monaco, H.L., Zanotti, G., Spadon, P., Bolognesi, M., 
Sawyer, L. and Eliopoulos, E.E. (1987) J. Mol. Biol. 197, 
695-706. 
Futterman, S. and Heller, J. (1972) J. Biol. Chem. 247, 
5168-5172. 
Dickerson, R.E. and Geis, 1. (1983) Hemoglobin, Structure, 
Evolution, Function and Pathology, Benjamin Cummings, 
Menlo Park, CA. 
Adams, P.A. and Berman, M.C. (1980) Biochem. J. 191, 
95-102. 
Beaven, G.H., Chen, S., D’Albis, A. and Gratzer, W.B. (1974) 
Eur. J. Biochem. 41, 539-546. 
Moehring, G.A., Chu, A.H., Kurlansik, L. and Williams, T.J. 
(1983) Biochemistry 22, 3381-3386. 
Mailliart, P. and Ribadeau Dumas, D. (1988) J. Food Sci. 53, 
743-745. 
Cogan, U., Kopelman, M., Mokady, S. and Shinitzky, M. 
(1976) Eur. J. Biochem. 65, 71-78. 
Lakowicz, R.J. (1983) in: Principle of Fluorescence 
Spectroscopy (Lakowicz, R.J., ed) Plenum, New York, pp. 
342-381. 
Marden, M.C., Hazard, E.S., Leclerc, L. and Gibson, Q.H. 
(1989) Biochemistry 28, 4422-4426. 
Fugate, R.D. and Song, P.S. (1980) Biochim. Biophys. Acta 
625, 28-42. 
Tanford, C., De, P.K. and Taggart, V.G. (1960) J. Am. Chem. 
Sot. 82, 6028-6034. 
Zimmerman, K.D., Barlow, G.H. and Klotz, I.M. (1970) Arch. 
Biochem. Biophys. 138, 101-109. 
Forster, T. (1959) Discuss. Faraday Sot. 27, 7-17. 
Marden, M.C., Hui Bon Hoa, G. and Stetzkowski-Marden, F. 
(1986) Biophys. J. 49, 619-627. 
North, A.C.T. (1989) Int. J. Biol. Macromol. 11, 56-58. 
226 
